1. Four mature sheep were offered perennial ryegrass (Lolium perenne, cv. S23) silage (885 g dry matter/d) at hourly intervals. The silage was well fermented with a pH of 4.0, a lactic acid content of 139 g/kg dry matter and an organic matter digestibility of 0.766.
Lactic acid is an important intermediate of carbohydrate fermentation in the rumen of grain-fed animals, whilst with animals offered silage it may be as much as 150 g/kg dry matter consumed. The biochemical pathways for the conversion of lactate to acetate, propionate and butyrate are well documented (Wood, 1961 ; Baldwin et al. 1962) , but the factors which determine the relative amounts of lactate that are metabolized by the individual pathways are not well understood. Counotte (1981) showed that both bacterial species and rumen pH may influence the relative amounts of the individual volatile fatty acids (VFA) produced. In addition, it has been shown that lactic acid as such may be absorbed from the rumen (Waldo & Schultz, 1956 ) and could thus contribute to glucose metabolism.
It is recognized that the efficient utilization of the end-products of digestion can be significantly influenced by the nature of the VFA produced and absorbed from the rumen in relation to the relative abundance of gluconeogenic (propionate) and non-gluconeogenic (acetate and butyrate) precursors (MacRae & Lobley, 1982) . Thus, depending on its metabolic fate in the rumen, lactic acid arising from grass silage may have a significant effect on the overall efficiency of energy utilization in silage diets.
The published evidence suggests that acetate or propionate may be the main end-product. Baldwin et al. (1962) studied lactate metabolism using isotope tracer techniques in vitro with rumen micro-organisms isolated from silage-fed cows and found acetate to be the major end-product. In contrast, Chamberlain et al. (1983) , working with grass silage fed to sheep, concluded that propionate was the principal end-product of lactate metabolism. This was based on the change in VFA proportions when lactate was either incubated in vitro with rumen fluid or infused directly into the rumen.
The present experiment was undertaken, using isotope tracer techniques in vivo, to examine the quantitative metabolism of both D-and L-isomers of lactic acid in sheep offered grass silage. A preliminary report of the present work has been presented (Gill et al. 1984) .
M A T E R I A L S A N D METHODS

Feed
Primary growth perennial ryegrass (Lolium perenne, cv. S23) was cut with a precision-chop forage harvester on 27 May 1980, and ensiled with formic acid (Add-F; BP Chemicals International Ltd) added at a rate of 2.3 litresltonne fresh weight. After approximately 10 months, the silage to be used in the experiment was removed from the clamp, weighed into individual daily feeds (3.75 kg fresh weight), packed in polyethylene bags and blast-frozen at -23" for 48 h before being stored at -15" until fed. The daily allocation of silage was thawed for at least 16 h before being offered to the sheep, and a representative sample was stored at -15".
Animals
Four mature Suffolk x half-bred wether sheep of live weight 64-74 kg were used. They were kept in metabolism crates under continuous artificial light with free access to water. Each sheep was fitted with a rumen cannula and, 24 h before the intravenous infusion of glucose, polyvinyl catheters (id. 1.00 mm; Portex Ltd, Hythe, Kent) were inserted into each jugular vein. Patency was maintained by regular flushing with heparinized saline (9g sodium chloride/l containing 250 IU heparin/ml).
Experimental procedure
The animals were gradually introduced to silage over a 5 d period and were then offered silage once daily for a 7 d period before changing over to an hourly feeding regimen. Approximately one-third of the daily allowance was placed on the automatic feeder at 09.00 hours and the remainder at 17.00 hours.
After 1 week of hourly feeding, the sheep were harnessed to enable total collection of faeces over the following 7 d. Faeces were weighed daily, frozen and later bulked and subsampled for chemical analysis. The subsequent measurements consisted of four intrarumen and one intravenous infusion of isotope tracers over a 22 d period. A minimum of 2 d was allowed between infusions and samples of rumen fluid, blood or both were taken before the start of each infusion to determine background radioactivity.
In trar umen in fusions
Solutions of either sodium [U-14C]acetate (0.28 pCi/ml), sodium [2-14C]propionate (0.170 pCi/ml), sodium [2-14C]butyrate (0.14 pCi/ml) or sodium D-and ~-[U-l~C]lactate (0.32 pCi/ml) (Amersham International, Amersham, Bucks), prepared in autoclaved water and containing 1 mg carrier/ml, were continuously infused (40 ml/h) into the rumen of each sheep. The infusions were started at 07.30 hours (08.30 hours for the two lactate infusions) with samples being taken between 13.30 and 16.30 hours. Less time was necessary to reach steady-state with the lactate infusions, since the lactate pool in the rumen is known to turn over much faster than the VFA pools. Twelve samples of rumen fluid (15 ml) were withdrawn by syringe at 15-min intervals and immediately acidified with concentrated sulphuric acid to reduce the pH below 1. They were bulked in four groups of three consecutive samples and stored at -15" before chemical analysis. During the infusions of sodium propionate and sodium D-and L-lactate, blood samples (20 ml) were also taken at half-hourly intervals between 13.30 and 16.30 hours for determination of glucose specific activity.
Intravenous infusion
A solution of ~-[U-~~C]glucose (0.28 pCi/ml), prepared in autoclaved physiological saline containing 1 mg carrier glucose/ml, was continuously infused (20 ml/h) into the right jugular vein of each sheep. The infusion was started at 07.30 hours and blood samples (20 ml) were taken at 30-min intervals between 14.00 and 16.30 hours via the catheter placed in the left jugular vein and placed immediately into heparinized tubes. The heparinized blood was deproteinized using zinc sulphate and sodium hydroxide (Somogyi, 1945) .
Chemical analyses
'Toluene' dry matter content of the silage was determined by the method of Dewar & McDonald (1961) , total lactic acid by the method of Elsden & Gibson (1954) , VFA and ethanol as described by Wilson & Wilkins (1972) and total-nitrogen and ammonia-N content as described by Siddons et al. (1979) . The contribution of L-lactate to the total silage lactate was determined enzymically using L-lactate dehydrogenase (EC 1 . 1 . 1 .27) (Sigma, Poole, Dorset). Organic matter (OM) content of feed and faeces was determined by ashing at 550" overnight and gross energy as reported by Terry & Osbourn (1980) . The concentration of the VFA in rumen fluid was analysed by gas-liquid chromatography using the technique of Cottyn & Boucque (1968) as modified by Stanier & Davies (1981) . The specific activities of VFA in rumen samples collected during isotope infusions were determined by liquid-liquid chromatography, as proposed by Leng & Leonard (1965) with the modifications suggested by Rowe et al. (1982) . The concentration and specific activity of lactic acid in rumen fluid were determined using a micro-diffusion procedure (Ryan, 1958) . Blood glucose specific activity was determined after separation on column chromatography (Schmidt et al. 1975) .
Calculations
The flows of C between rumen VFA and lactic acid and blood glucose were estimated by the method of analysis of isotope-tracer results using compartmental models as described by Nolan et al. (1976) . Standard procedures (Nolan et al. 1976) were used for the determination of irreversible loss rates (IRL) and transfer quotients and for the development of the three-and four-compartment models.
The IRL for lactic acid obtained using D-and L-isomer infusions were statistically compared using a paired t test. The major end-product of lactate metabolism was determined by pooling the values obtained from D-and L-lactate infusions for the difference in flux between acetate and propionate and conducting a one-way analysis of variance. This enabled a comparison to be made between the end-products of D-and L-lactate metabolism and left 5 df to test whether the flux to acetate was significantly greater than that to propionate.
R E S U L T S
The composition of the grass silage as offered to the sheep is shown in Table 1 . Although ammonia-N content was high (0.13 of total N), the low pH and high lactic acid suggested that the silage was well-preserved, while the absence of butyrate indicated that the silage had not undergone clostridial fermentation. The D-and L-isomers of lactic acid were found to be present in approximately equal amounts (1.08: 1). When fed to sheep at a level of 885 g dry matter/d, the digestibilities of OM and gross energy were 0.766 (SEM 0.0044) and 0.740 (SEM 0.0041) respectively. Thus, the intake of digestible energy was 0.51 MJ/kg live eight^''^.
The concentrations and IRL of the VFA and lactic acid in the rumen are presented in Table 2 . Total VFA concentration was 94.7 mmol/l and the molar proportions were 0.647, 0.265 and 0.088 for acetate, propionate and butyrate respectively. Lactate concentration was much lower than that of the VFA. However, the IRL of lactate (mean of 2.74 g C/h) was similar to that for propionate and butyrate, but all three were lower than that measured for acetate. The IRL calculated from infusion of the 14C-labelled D-or L-lactate isomers did not differ significantly (P > 0.05).
The relative specific activities of the acids, during the tracer infusions, are also shown in Table 2 and represent the proportion of each acid derived from other VFA or lactate. Amounts of activity detected in lactate during the infusion of VFA were negligible and therefore synthesis of lactate from VFA was assumed to be zero. Proportions of acetate, propionate and butyrate C, derived by interconversion from all other pools, amounted to 0.44,0.51 and 0.66 respectively, while a greater proportion of propionate (0.329) than either acetate (0.196) or butyrate (0.1 38) was derived from lactate. The IRL and the relative specific activities for individual sheep were used to solve a four-compartmental model for the true fluxes of C between the different pools. The mean results are shown in Fig. 1 for both D-and L-lactate. The values for the total flux through the lactate pool (2.57 and 2.93 calculated from L-and D-isomer infusion respectively) are the same as the IRL (Table 2 ) since no production of lactate from the VFA was observed.
L-Lactate, D-lactate
However, interconversion resulted in the total fluxes through the other pools (6.45, 2.71, 3. I3 g C/h for acetate, propionate and butyrate respectively) being higher than the corresponding IRL (Table 2) . Although a greater proportion of propionate-C than of acetate-C was derived from lactate, the amount of lactate-C converted to acetate and propionate was similar (1.00 and 0.85 g C/h respectively) and higher than the amount converted to butyrate (0-08 g C/h). The greatest interconversion between acids was between acetate and butyrate and was of a similar magnitude in both directions.
The values derived from 14C-labelled D-and L-lactate infusions are given separately in Fig. 1 , although there was no significant (P > 0-05) difference in the products of metabolism between the isotopes. Results showing the intake and rumen metabolism of lactate (mol/d) are presented in Table 3 . The molar flux of lactate to acetate was significantly (P < 0.05) greater than the flux to propionate. Total lactate flux was higher than the amount of lactate /d) were estimated from the intake of silage and the solutions obtained from the four-compartment model (see Fig. 1 
RSA of glucose:
-~ consumed by between 0-34 and 0-58 mol/d. Not all lactate utilization was accounted for; 0.18 mol/d was either metabolized to products other than VFA or was absorbed. Loss by outflow would be very small due to the low concentration of lactate in rumen fluid. The IRL of blood glucose and the relative specific activities of glucose during rumen infusions of lactate and propionate are shown in Table 4 . These together with the IRL of rumen lactate and propionate (Table 2) were used to solve a three-compartmental model (Fig. 2) . This showed that a negligible amount of rumen lactate was converted directly to glucose, although 0.10 (SEM 0.028) of the total lactate flux was metabolized to glucose via propionate. This represented 0.17 (SEM 0.041) of total glucose IRL (99.6 (SEM 2.43) g/d). Propionate originating from sources other than lactate was also metabolized to glucose, accounting for 0.27 (SEM 0.054) of glucose IRL. Thus, 0.44 (SEM 0.085) of total glucose IRL was synthesized from propionate, equivalent to 0.29 (SEM 0.020) of rumen propionate IRL.
DISCUSSION
Grass which is ensiled directly or after wilting without an additive is known to undergo extensive fermentation, leading to the considerable depletion of the soluble carbohydrate component of the grass, with lactic acid as one of the main end-products which may comprise as much as 0.15 of the resultant silage dry matter. Whilst an essential feature in the preservation of grass by ensiling, this process may severely reduce the nutritional value of the final product. Thomas (1982) pointed out that the lower yield of energy from lactic metabolism (2 ATP/mol lactate) compared with hexose metabolism (average 4 ATP/mol hexose) in the rumen, could contribute significantly to the low synthetic efficiencies and yields of microbial biomass often noted on silage diets. Since lactic acid can also be absorbed directly from the rumen (Dunlop & Hammond, 1965) , this could also reduce the availability of energy within the rumen of silage-fed animals.
In this study, lactic acid comprised 0-14 of total silage dry matter, giving a daily intake of 123 g/d. De now synthesis in the rumen contributed on average a further 4.2 g/d, indicating that 0.20 (165 g/d) of the silage OM consumed (806 g/d) was metabolized via lactic acid. No measurements of the extent of digestion of OM in the rumen were made but assuming 0.90 of digestible OM intake was initially digested in the rumen (Beever, 1980) , it follows that almost 0.30 of the rumen-fermented OM would have been metabolized via lactic acid. Thus, the fate of lactate might be expected to influence not only the processes of rumen fermentation but also the efficiency of utilization of the silage energy by the tissues.
The concentration of lactic acid in the rumen was low at all times (0.208 mmol/l), indicating that lactic acid was rapidly removed from the rumen either by metabolism or absorption. The isotope results (Table 3) indicate that approximately 0.90 of total lactate was converted to VFA, suggesting that metabolism within, rather than absorption from, the rumen was the dominant mechanism for lactate removal. This agrees with the findings of Williams & MacKenzie (1965) who suggested that the rate of lactate metabolism was considerably greater than the rate of absorption. No significant difference was observed between the metabolism of the D-or L-isomers of lactic acid (Table 3) as also reported by Counotte (198 I) for low-lactate concentrations.
The results from the four-compartmental model (Fig. 1) suggest that in molar terms 0.55 of the total lactate metabolized was converted to acetate and only 0.31 to propionate. This partition will be influenced by the type of microbial populations present and, in particular, the lactate utilizers in the rumen and their relative metabolic activities. Counotte (1981) showed that the relative proportions of acetate and propionate produced from lactate depended on both rumen pH and rumen fractional outflow rate of water. At pH 6.8 and a high dilution rate (0.25/h) acetate, propionate and butyrate accounted for 0.64,0-33 and 0.03 of the total metabolism respectively. Reductions in fractional outflow rates tended to increase propionate, while a decrease in pH increased butyrate production. The values obtained at pH 6.8 are very close to the molar ratios of the VFA produced from lactate at a mean pH of 6.5 in the present experiment, i.e. 0-62,0-35,0-03 (calculated from Fig. 1 ), and this predominance of acetate in the products formed is also in agreement with the results of isotope studies by Jayasuriya & Hungate (1 959). Other workers (Emery et al. 1966; Chamberlain et al. 1983) have reported increases in the molar proportions of propionate after infusion of large amounts of lactate and inferred from this that propionate is the main end-product of lactate metabolism. However, as indicated by Counotte (1981) , the end-products of metabolism when present in high concentrations may be different from those produced at lower concentrations and, as already noted, only low-lactate concentrations are normally observed on silage diets. This, together with the problems associated with interpretation of results expressed as molar proportions may have contributed to the apparent difference between the observations of Emery et al. (1966) , Chamberlain et a/. (1983) and the results of the present study.
As suggested earlier, it appears that very little absorption of lactate occurred in the present experiment, although the metabolic fate of the 0.10 of total lactate flux not converted to VFA is unknown. It may have been assimilated by micro-organisms or absorbed, but if absorbed, it was not metabolized to glucose within the tissues (Fig. 2) . However, 0.10 of total lactate flux was converted to glucose through metabolism to propionate in the rumen and subsequent gluconeogenesis in the tissues. Overall, 0.29 of propionate flux was converted to glucose, which is lower than the value of 0.43 reported by Gill & Beever (1982) for silage-fed calves and those of 0.43 and 0.50 reported by Judson & Leng (1973) and Bergmann et al. (1966) repectively, for other forage-based diets. However, the value of 0.44 of total glucose flux derived from propionate is similar to the value of 0.38 reported by Gill & Beever (1982) using [2-14C]propionate.
In summary, these results show that, on a molar basis, acetate was the major end-product of lactate metabolism in the rumen of silage-fed sheep.
